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The cost-effective utilization of wave energy is still a major engineering challenge. Shoreline locations for
Wave Energy Converters (WECs) offer lower wave energy densities when compared with offshore lo-
cations, but give signiﬁcant advantages from the points of view of construction, maintenance and grid
connection.
This article provides a ﬁrst analysis on the viability of a very low-head hydropower plant, in which
waves accumulate water into a shoreline reservoir created by a steep detached ramp. The system is
particularly suitable for micro-tidal environments such as the Mediterranean Sea and has the additional
advantage of protecting shorelines, seawalls and coastal assets from wave action.
Physical model tests, conducted with regular waves, have been used to get a preliminary estimate of
the average water ﬂux overtopping the ramp in a sea state; a novel low-head hydropower machine,
developed at Southampton University, has been considered for the conversion of the hydraulic energy
into electricity.
The site of Porto Alabe, located along the West coast of Sardinia (Italy), has been chosen as a ﬁrst case
study. Based on the inshore wave climate, the layout of the ramp has been designed as a tradeoff be-
tween the needs of maximizing the energy production, providing the coastal area with an adequate
protection and making the plant a desirable investment to either private or public players. The results are
interesting both from a technical and an economic point of views and encourage a further deepening on
the response of this kind of WEC.
© 2015 Elsevier Ltd. All rights reserved.1. Introduction
Europe is a frontrunner in the research, development
and deployment of ocean energy technologies and a consider-
able effort has been devoted to assess wave energy availability
along and offshore the European coastline [1e4]. Of particular
interest for the present work is the area of the Mediterranean
Sea, which has a deep water annual average resource of about
30 GW [5].
Marine renewable energy installations might provide substan-
tial beneﬁts to the economies of coastal areas [6], but their success
strongly depends on the development of wave energy converters
(WECs), which are efﬁcient and cost effective [7e13].nanza).As of today more than 1000 WECs have been patented world-
wide, which can be roughly divided into three groups based on the
working principle [5]. In the Oscillating Water Column technology
(OWC), a cushion of air is trapped within a partly submerged
chamber where the water level rises and falls with the waves. The
oscillating motion makes the air to pass through a turbine, which
rotates in the same direction irrespective of the way of ﬂow. An
array of such converters is currently being tested in a breakwater in
Mutriku/Spain [14].
Wave Activated Bodies (WAB) exploit the relative motion of the
different parts of the device; hydraulic systems are generally
employed to compress oil, air or water, which are then used to drive
a generator.
In the OverTopping Devices (OTD), a sloping plate leads the
waves to overtop into a reservoir. The energy is then extracted via a
turbine that works with small head differences (below 3 m) and
large ﬂow volumes. Several OTDs have been developed so far, such
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[15]), the ﬂoating device “Wave Dragon” [10] and the Seawave Slot-
cone Generator (SSG, [16,17]), which employs a number of reser-
voirs placed on the top of each other.
WECs can be also classiﬁed as offshore, nearshore or shoreline
devices, depending on their depth of placement. An interesting
comparison of the performances of ﬁve different technologies in
the Portuguese nearshore area has been recently provided by
Refs. [18]; in this paper, instead, the focus is on shoreline devices.
The utilization of wave energy at the shoreline is very attractive
from the point of view of construction, access, maintenance and
grid connection, but also poses difﬁcult problems. Firstly, the
available wave energy at the shoreline is lower than the offshore
wave energy, although a recent work demonstrated that the
reduction of the technically usable resource is not that signiﬁcant
[13]. Secondly, the device is exposed to very intense loadings
generated by breaking waves.
Many shoreline systems were designed in the past, based on
both the OWC and the overtopping principles. Among the OTDs, a
prototype of the aforementioned “Tapchan” deserves to be recalled;
the device consisted of a concentrating channel, where incoming
waves increased their height prior to spill into a reservoir from
which a turbine was driven [14]. Built in 1985 at Toftestallen
(Norway), the WEC had been working for several years.
In this paper a different approach is considered, which uses a
shoreline reservoir created by a short and steep detached ramp
designed to be overtopped by waves (Fig. 1).
The system, conceptually similar to stilling basins and com-
posite seawalls [19e21], offers itself as a multi-purpose structure
for wave energy utilization and coastal defense and is particularly
suited to micro-tidal environments such as the Mediterranean Sea.
Here, the rocky coasts are also provided with a shore plateau just
below the mean water level, which reduces the construction
efforts.
The reason why shoreline basins have drawn little attention so
far, is the lack of a cost-effective turbine that can exploit the “ultra
low-head” source of hydropower supplied by the tank (head dif-
ferences below 2 m). Recently however a low cost technology
(called Hydrostatic Power Machine, HPM) was developed at and
demonstrated by Southampton University; this has then encour-
aged a deeper investigation into the potential of the system.
The work is organized as follows. The Section 2 analyzes the
overtopping performances of smooth nearshore ramps through theFig. 1. Sketch of a shoreline reservoir.results of physical model tests speciﬁcally conducted at the Uni-
versity of Southampton. The Hydrostatic Power Machine is pre-
sented Section 3. In the Section 4, the application of the conversion
system to a site of theWest Sardinia (Italy) is studied both from the
technical and the economic point of views.2. Overtopping rates for low crested nearshore ramps
Despite wave overtopping represents one of the most
researched topics of maritime and coastal engineering, the case of
steep low crested nearshore ramps has not been studied in sufﬁ-
cient detail so far. As noticed in Refs. [22], the reason of this lack of
knowledge lies in the fact that traditional engineering had actually
no interest in structures which produce a large amount of over-
topping. Thus, since the response of the outer ramp is obviously
central to the performance of the WEC here discussed, an array of
ninety 2D physical model tests were speciﬁcally carried out at the
University of Southampton (UoS).
The experiments were conducted with regular waves, as
the latter pose the simplest forcing condition possible and
allow for a more direct comprehension of the waveestructure
interaction.
Regular wave results will be assumed preliminary valid also for
randomwaves. This hypothesis, which is physically justiﬁed by the
narrow bandedness of sea wave spectra, has been empirically
veriﬁed in literature for a number of processes even of non linear
nature, such as wave breaking [23], wave reﬂection [24] and wave
transmission [25].
Since the present study aims at a ﬁrst analysis on the viability of
the “stilling basin” conversion system, the above equivalence can
be considered of course reasonable. For further reﬁnements, how-
ever, random wave experiments are indeed necessary.
The following sections describe the experimental set-up and
compare tests outcomes to the predictive tools suggested in
literature.2.1. Experiments description
Two series of experiments were performed, with scale ratios of
1:50 and 1:23 respectively. The former (Fig. 2a) was conducted in a
ﬂume 8 m long and 0.3 m wide, with a water depth at the wave-
maker of 0.13 m. The latter (Fig. 2b) was carried out in a channel
that measured 12 m in length and 0.4 m in width; the offshore
water depth was 0.255 m.
In both cases multi-sloped (composite) ramps were tested,
because, as discussed in the Section 2.4, they may represent an
interesting trade-off between the needs of a structure relatively
mild (which increases the rate of overtopping) and reducing the
construction costs. The small scale structure encompassed a ﬁrst
segment inclined 1:2, followed by a stretch sloping 1:1. In the 1:23
experiments, the lower part of the ramp was instead inclined by
1:2.6.
For each test series two different crest freeboards (Rc) were
used, corresponding to 1.0 and 1.5 m at full scale. The incident wave
heights at the toe of the ramps, Ht, had prototype values ranging
between 0.71 and 2.5 m; the wave periods, T, varied in the interval
3.5 s e 10 s.
Each experiment lasted for 10 wave cycles; the mean over-
topping rate was estimated dividing the volume of water collected
in the reservoir behind the slopes (Fig. 2) by the duration of the
tests. Because the latter was rather short, the water depth at the toe
of the ramps, and accordingly the crest freeboards of the structures,
could be considered constant in time.
Fig. 2. Sketch of the models.
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Since all model structures and slopes were smooth and imper-
meable (made of Perspex), scale effects are not supposed to
signiﬁcantly affect the overtopping rate, except for the inﬂuence of
the surface tension. Nonetheless, as it was initially suggested in
Ref. [26] and later conﬁrmed in Refs. [27], the effects of the latter
can be neglected if, as in the UoS experiments, the water depth at
the toe of the structure is larger than 0.02 m and the wave period is
longer than 0.35 s.
It might be also of interest to brieﬂy discuss on the effects of
wave breaking [26]. noticed that the energy globally dissipated in
the process (which has actually an inﬂuence on the amount of
overtopping) remains in similitude even at small scales, although
the internal details of the ﬂow may change; this concept was later
corroborated by the experiments of [28]. However, as far as the
present tests are concerned, only non breaking waves or surging
breakers with a very small bubbling area [29] were observed, owing
to both the incident wave characteristics and the steep face of the
ramps. This obviously renders the role of wave breaking in fact
secondary.
On the other hand, the occurrence of breaking onto the front
face of aWECwould lead to a signiﬁcant loss of the energy available
for conversion and accordingly should be prevented for a number of
sea conditions as high as possible.2.3. Prediction tools for the mean overtopping discharge at smooth
slopes
As mentioned before, wave overtopping is a topic researched for
a long time. In particular over the course of the last decade sub-
stantial advancements have come from the EC research project
CLASH [30], as well as from several national programs. The EurOtop
Manual [31] takes account the new results and provides an useful
guide for practical applications. Among the outcomes of the intense
research activity described above, a big deal of design tools have
been proposed to calculate the mean overtopping discharge per
unit of width (q) at different types of structures. Some of them are
brieﬂy reviewed below, with respect to the case of smooth and
impermeable straight (simple) slopes subjected to head-on random
waves.In the early eighties [32], the following empirical formula was
proposed, which is recommended by the British guidelines:
q
g H1=3;tTm
 ¼ a exp
0
B@ b Rc
Tm
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
g H1=3;t
q
1
CA (1)
where H1/3,t is the statistically deﬁned incident signiﬁcant wave
height at the toe of the slope, Rc is the crest freeboard, Tm is the
mean zero-crossing period and a and b are constant parameters
related to the front slope angle.
A different expression has been suggested in the framework of
the CLASH project, starting from previous research by Ref. [33] and
based on the results of new experiments:
q* ¼ q
√

g H3m0t
 ¼ min
8>><
>>:
0:067
√tanas
x10 exp

 4:75
x10
Rc
Hm0t

0:2 exp

 2:6 Rc
Hm0t

(2)
where g is the gravity acceleration, Hm0t is the spectral signiﬁcant
wave height at the toe of the slope, tanas is the inclination of the
slope and x10 ¼ tanas/(Hm0t 2p/g T102 ) is the Iribarren number
based on the mean spectral period T10 [34].
It is noteworthy that for steep slopes, such as those used in the
UoS experiments, the overtopping discharge is invariably given by
the second of the previous relationships, which is worldwide
known as the van der Meer and Janssen formula.
To quantify the uncertainty related to Eq. (2), the coefﬁcients
4.75 and 2.6 can be considered as normally distributed random
variables, with standard deviations equal to 0.5 and 0.35,
respectively.
[35] argued that the CLASH formula neglects both the effects of
the local water depth (ht) and of the seabed inclination (tanw) and
proposed the following:
q* ¼ exp



Aþ B Rc
Hm0;t

(3)
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>>:
A ¼ A0 tanh

ð0:956þ 4:44 tanqÞ

ht
Hm0t
þ 1:242 2:32 tan0:25q

B ¼ B0 tanh

ð0:082 2:22 tanqÞ

ht
Hm0t
þ 0:578þ 2:32 tanq
 (4)and
	
A0 ¼ 3:4 0:734 cotas þ 0:239 cot2as  0:0162 cot3as
B0 ¼ 2:3 0:5 cotas þ 0:15 cot2as  0:011 cot3as
(5)
The formula is valid for:8><
>:
0  cotas  7:0
0  ht
Hm0;t
 23 (6)
and the ratio between measured and predicted non dimensional
discharges is expected to lie within the range:

q*pred
2=5  q*meas
q*pred


q*pred
13 (7)
with, q*pred  1.
Further to the above mentioned empirical formulae, which have
been developed for conventional coastal structures [36], suggested
the following equation for OTDs with a single reservoir:
q* ¼ ðldrlaslrcÞ0:2 exp

 2:6 Rc
Hm0;t

(8)
where the parameters ldr., las and lrc respectively account for the
effects of waves passing under ﬂoating devices (ldr¼ 1 here), of the
front slope angle and of the low-crestedness of the structure. las
and lrc are given by:
las ¼ cos3ðas  30Þ (9)
lrc ¼
8>><
>>:
0:40 sin

0:667p
Rc
Hm0;t

þ 0:60 for Rc
Hm0;t
 0:75
1 for
Rc
Hm0;t
>0:75
(10)
Eq. (8), is valid for 0.58  cotas  2.75 and 0.15  Rc/Hm0,t  2.
Recently [22], conducted extended testswith randomwaves and
proposed a set of predictive equations speciﬁcally for steep,
straight, low-crested ramps. In contradiction to UoS experiments,
all slopes investigated in Ref. [22] were located in relatively deep
waters (ht/Hm0,t > 2.5). For cotas  1.50, the authors found the
following expressions:
q* ¼
8>><
>>:
ð0:033 cotas þ 0:062Þexp

ð1:08 cotas  3:45Þ RcHm0t

0:2 exp

ð1:57cotas  4:88Þ RcHm0t

(11)The ﬁrst of the above formulae is valid for 0  Rc/Hm0t  0.8,
whereas the second is valid for 0.8  Rc/Hm0t  2.0. The 90% con-ﬁdence bands are (q*)meas./(q*)pred. ¼ 10±0.099 for 0  Rc/Hm0t  0.8
and 10±0.165 for 0.8  Rc/Hm0t  2.0.
An alternative predictor for the mean overtopping discharge, is
the Delft Hydraulics Artiﬁcial Neural Network [37]. The latter
(referred to as ANN hereafter) was developed in the framework of
the CLASH project and provides the expected value of q and the
correspondent variation interval for a large variety of structural
geometries and wave conditions. It is valid for:
8<
:
0  cotas  10
0:005  sm10  0:07
0  Rc=Hm0t  6:4
(12)
where sm10 is the mean wave steepness calculated with Tm10.2.4. Comparison of experimental results with prediction model
2.4.1. The approach
The most suited prediction method for calculating the over-
topping discharge at the nearshore ramp is here selected by
comparing randomwave predictors and regular wave experimental
data. The boundaries withinwhich this approach can be considered
acceptable have been already outlined at the beginning of this
chapter. According to [38], it is though necessary to clearly establish
which wave parameters (wave height and period) have to be used
for the comparison to be physically consistent.
In this regard, the analysis has revealed a substantial indepen-
dence of data on the wave period; on one side this simpliﬁes the
problem as allows eliminating one parameter. On the other side,
the result also leads to exclude the Eq. (1) from comparison, since it
would suffer, obviously, from an inherent lack of ﬁt.
As for the wave height, in principle two criteria may be followed
depending on the context of application; one assumes regular and
irregular waves to have the same energy, which implies that the
regular wave height, Ht, equals the root mean square wave height,
Hrms, of the random sea-state (see for example [39] and [40]). The
other presupposes the two trains possesses the same characteristic
wave height, in this case Ht ¼ Hm0t.
An accurate inspection of the physical structure of the Eqs. (2,3,8
and 11) suggests the latter to be the most appropriate. Since the
overtopping rate is made non dimensional through the variable
(gHm0t3 )0.5, the quantity at the right hand side of the formulae can be
interpreted as the discharge coefﬁcient of an ideal weir with a
water level on the crest equal toHm0t. Consequently, the water level
being equal (i.e. if Ht ¼ Hm0t), the ﬂow rate is expected to be
approximately the same, although the energies of the random and
periodic wave trains differ by a factor of 2. The reasoning is
assumed to hold also for the Neural Network.
On the other hand, the “energetic equivalence” would imply
that many waves in the irregular wave train are higher than Ht;
since high waves are the most signiﬁcant for the overtopping
process, this seems of course unreasonable.
Fig. 3. Experimental data vs. predictions of ANN.
Fig. 4. Panel a): experimental data vs. Eq. (3); Panel b): experimental data vs. Eq. (11).
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For a quantitative comparison, it should be remembered that all
the design tools here considered were developed for simple
(straight) slopes; thus, for composite structures like those tested at
UoS, a mean value of the inclination has to be employed.
On the basis of physical arguments about the position of the
breaking point along the ramp [31], recommends using, as ﬁrst
estimate, the average between the points located at±1.5 Hm0t about
MWL. If þ1.5 Hm0t is located above the crest, then Rc should be
taken as the reference point. This mean angle, which will be
referred to as as,eq hereafter, is also incorporated in the ANN.
The predictions of the Neural Network, along with the conﬁ-
dence bands at the 90% probability level, are compared with the
experimental data in Fig. 3. The comparison is presented in terms of
non dimensional “weir-like” discharge q* ¼ q/(gHt3)0.5.
The overall agreement is reasonable; the conﬁdence bands are
not exceeded, but span 2 or 3 orders of magnitude, indicating that
the overtopping process inherently produces a remarkable scatter.
In presence of such a big variance, it is more convenient to assess
the performances of the predictivemodels via the “geometric mean”
and “geometric standard deviation” introduced by Ref. [35]. They are
deﬁned as follows:
8>>><
>>>:
XG ¼ exp
(
1
N
XN
1
ln xi
)
sðXGÞ ¼ exp
("
1
N
XN
1

ln2xi  ln2XG
#0:5) (13)
where xi ¼ q*meas./q*pred.
XG values larger (smaller) than 1 reveal a tendency to over-
estimate (underestimate) the experimental results, whilst s(XG)
represents the number by which q*pred. should be multiplied andTable 1
Reliability indexes for the overtopping predictors.
Predictive tool Equation# Tests 1:50 Tests 1:23
XG s (XG) XG s (XG)
ANN e 0.913 1.756 0.560 1.725
EUROTOP (2) 0.995 1.401 0.470 1.778
GODA (4) 0.610 1.493 0.307 1.607
KOFOED (8) 0.937 1.389 0.447 1.808
VITOR & TROCH (11) 0.662 1.351 0.272 2.332divided with, in order to acquire the variation of measurements
around predictions.
Table 1 summarizes the values of the above indexes for all the
design tools except Eq. (1).
All the models are able to capture the order of magnitude of the
measured discharges and this empirically conﬁrms, as a whole, the
argument of the equivalence (at a ﬁrst approximation level) be-
tween regular and random wave experiments with Ht ¼ Hm0t.
However, the predictions are systematically more accurate for
the smaller scale, while 1:23 data are underestimated by a factor
included between 1.8 and 3.7. Eq. (3) and Eq. (11) provide the worst
ﬁt, but the former (Fig. 4a) has the 95% of points lying within the
variation bands of Eq. (7); otherwise, Eq. (11) returns large errors on
1:23, remaining the small scale results basically on the inside of the
conﬁdence intervals or very close to them (Fig. 4b).
Since scale effects are likely negligible (as discussed in the
Section 2.2), the underprediction of 1:23 data may be due to the
fact that as,eq does not allow to properly account for the effect of the
milder 1:2.6 underwater slope; as waves do not break on the
ramps, the latter is in fact expected to increase the potential run up
and then the overtopping rate. In this regard, it is also worth
noticing that the absence of breaking on the structure renders the
use of as,eq questionable in itself.
Accordingly, a new deﬁnition for the average slope value is
introduced here. As the majority of tests were conducted with ‘low
crest conditions’ (Rc/Ht  1.2) it can be assumed that the part of the
slope above the MWL has limited inﬂuence on overtopping. As
such, the new average slope value (asb,eq) is calculated from the
following:
Fig. 5. Experimental data vs. Eq. (11) after using Eq. (14). The 90% bands are given
by ± exp(1.64 ln(s(XG))).
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
asb;eq

¼ lsub
hsub
(14)
where lsub and hsub are the length and height of the submerged part
of the structure, respectively.
When using asb,eq, the quality of the estimates has been seen to
improve for all the predictive tools; in particular Eq. (11) ﬁts the
data rather well (Fig. 5), giving an overall XG of 1.08 and a s(XG) of
1.51. Furthermore, the model proved to be robust also for
cot(asb,eq) ¼ 1.85, that is slightly beyond the upper limit value 1.5
suggested for simple slopes.
A satisfactory agreement (XG ¼ 1.02; s(XG) ¼ 1.45) was also
obtained with the Eq. (8), once the coefﬁcient 2.6 has been replaced
with the formula:
min
h
2:63;0:1776 exp

4:1972 tan asb; eq:
i
(15)
The comparison with data is shown in Fig. 6. Eq. (15) holds for
tan(asb,eq) > 0.53 and yields a value of 2.63 for slopes steeper than
0.65.
In principle the dependence of the overtopping rate on the
“submerged slope angle” appears interesting, as the possibility of
shortening the emerged part of the structures without a loss of
discharge can lead to a reduction of construction costs. However,Fig. 6. Experimental data vs. Eq. (8) after using Eq. (15). The 90% bands are given
by ± exp(1.64 ln(s(XG))).supplementary experiments are needed to validate the correctness
of previous results and establish their application range.
In the calculations presented in the Section 4 the predictions of
the Eq. (11) will be employed. This basically for two reasons; one is
that it required no variation of the parameters (once the proper
mean angle has been introduced), which indicates a good robust-
ness. The other is that the formula was originally derived for
smooth low crested overtopping ramps similar to those examined
here, although located in deeper waters.
Nevertheless, some discussion on the effects of using a different
equation for the overtopping rate is given in the Sections 4.3 and
4.5.3. Ultra low-head hydropower converter: the Hydrostatic
Pressure Machine (HPM)
The cost-effective utilization of hydropower with very low head
differences (say less than 2.5 m) is still a problem, since standard
turbine technologies may result quite expensive [41]. compared
different types of hydropower converters and argued that the cost
of the double regulated machine, associated with the need of
structures for both minimizing the inﬂow losses and decelerating
the outﬂowing water (thereby recovering the pressure head),
render Kaplan turbines not cost effective in most cases (see also
[42]).Fig. 7. The Hydrostatic Power Machine: a. Isometric view; b. Principle.
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Pressure Machine (HPM) e is herein considered.
The HPM, developed within the EC funded research project
Hylow, consists of a hub with a diameter close to the head differ-
ence and 10e12 blades which close the downstream from the up-
stream water level. At the bed, the blades run in a curved section
with the length of one blade distance e the shoe e to minimize
leakage losses. The hydrostatic pressure difference resulting from
the different water levels acts on the blades and provides the
driving force. Fig. 7a and b show the principle of the HPM and an
isometric view.
The HPM was developed for head differences between 1 and
2.5 m, with ﬂow volumes of 1e3.5 m3/s/m and power outputs of
6e52 kW/m. Flow volume and power output increase with
increasing head difference. In the frame of Hylow, the theory of the
machine was developed [43] and full scale tests on a 6 kW (el.)
prototypewith a head difference of 1.2mwere conducted. Based on
prototype and large scalemodel test results [44,45], and assuming a
downstreamwater level at the bottom of the hub, an idealized total
efﬁciency curve (hydraulic to grid including all losses) was derived
with a maximum efﬁciency of 68% for a ratio of ﬂow rate Q and
design ﬂow rate QDes of Q/QDes ¼ 0.41 (Fig. 8). The efﬁciency then
decreases to 0.66 for Q/QDes ¼ 0.635 and to 0.56 for Q/QDes ¼ 1.0.
The HPM was found to be cost effective, with overall costs of
7200 V/kW installed capacity for the 6 kW prototype. The large
cells and slow speed of the machine (2e12 rpm) resulted in good
ecological characteristics.4. Application to a case study
To explore the potential of a shoreline reservoir coupled with
HPM, a site located along the North West coast of Sardinia (Italy)
has been selected as a case study.4.1. Site description
The North West Sardinian coast, around the town of Alghero
(Fig. 9), is the most resourced of the whole Italy; owing to the
development of large convective systems caused by fronts of cold
air coming from the Atlantic Ocean, intense thunderstorms take
place, which tend to merge into Mesoscale Convective Systems
(MCS). The latter have a metereological scale larger than the indi-
vidual thunderstorms and are capable of generating severe sea-
states, which persist for several hours.Fig. 8. Idealized total efﬁciency curve of HPM.In addition to being energetically resourced, the area features a
rocky coastline and a plateau just below the MWL, all suitable
characteristics for the construction of a shoreline tank.
4.2. Wave climate
Using extensive buoy records and hindcast data [47], estimated
the offshore yearly average wave power in the area around Alghero
at about 10 kW/m, the bulk of which is supplied by northewesterly
waves. The mean monthly availability is approximately 15 kW/m in
the period NovembereFebruary whereas it drops to about 5 kW/m
during the cooling season (MayeAugust). On the whole, the
threshold of 10 kW/m is exceeded continuously from Novem-
bereApril and this makes the area one of the most energetic of the
Mediterranean Sea.
The offshore wave climate has been then propagated to
the 20 m bathymetric line and the nearshore potential of the 7
points labeled with the codes “S1eS7” in Fig. 10 has been assessed.
In the following the point S6 (Porto Alabe) is used as reference,
essentially because of the high power available (10.91 kW/m, with a
mean yearly energy of 96 MWh/m). Table 2 reports the inshore
wave climate of the site for directional sectors of 30. The tide levels
have been found to be included between 0.9 m and þ0.3 m.
It is worth mentioning that a wave power availability of the
order of 10 kW/m (say between 10 and 20 kW/m) is typical of the
European coast facing the North Sea [48]. This includes the Eastern
shores of UK, the most Southern part of the Norvegian coasts, the
coasts of the Netherlands and Belgium and shores of Denmark.
Accordingly, the results presented below may apply also to those
areas, provided that the characteristics of the coastline are suited to
the installation of a shoreline reservoir. Nevertheless, as will be
shown in the next section, the effectiveness of the plant could be
severely affected by the local tide height.
4.3. The hydraulic energy available
For a given ramp layout, the amount of hydraulic energy avail-
able per year and per meter of structure width (Ehyd. in MWh/m)
can be calculated as follows:
Ehyd ¼ 0:00876
Xtd; max
td;min
Xþ90
b¼90
XHmax
Hmin
rgq

H; b;asb;eq:; R
td
c ; td

Rtdc
 Df ðH; b; tdÞ
(16)
in which:
I. the overtopping rate q (in m3/s/m) is calculated through Eq.
(11);
II. the crest freeboard Rtdc (in m) is relative to the tide level “td”;
III. r is the water density (kg/m3) and
IV. Df indicates the relative frequency of occurrence, i.e. the ratio
between the number of hours in which a given climate
condition has been observed and the duration (in hours) of
the total observation period (see Table 2).
Both q and Df are function of the angle of propagation of waves
relative to the normal to the coastline b (in degrees); [49], suggests
to include this parameter in the overtopping discharge formulae by
dividing the relative crest freeboard (Rc/Hm0t) with a correction
factor (gb), the expression of which has been originally proposed in
Ref. [36]:
gb ¼ maxð1 0:0033jbj;0:736Þ (17)
Fig. 9. The isle of Sardinia and the town of Alghero (source: [35]).
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re-arranged using directional sub-sectors of 5N and each class of
wave height and wave angle has been substituted with the corre-
sponding average value. It should also be noted that due to the
extremely steep foreshore characterising the site (mean slopes of
about 1:2.5 between20m and5m), the effects of both shoaling-
refraction and wave breaking have been tentatively neglected. This
appears reasonable because most of waves reach the very shallow
water area in less than one wavelength (see Table 2), while the
breaking index tends to become very high; for example according
to [23] one would get:

H
h

b
¼ 0:56$exp

3:5
2:5

¼ 2:27 (18)
Furthermore, a simpliﬁed approach has been adopted to ac-
count for tide; the range 0.9 m/þ0.3 m has been divided into 5
equiprobable classes of 0.24 m range, which have been supposed to
be statistically independent of H and b. Thus, one gets:
Df ðH; b; tdÞ ¼ D4ðH; bÞ$0:2 (19)
where D4(H,b) is the joint frequency of occurrence of wave height
and wave direction; the tide levels used in the calculations (td)
correspond to the midpoints of the classes. Fig. 11, illustrates the
calculated hydraulic energy plotted over the crest height relative to
the MWL (RcMWL) and as a function of cot(asb,eq). The computation
has been carried out using a step of 0.1 m. For a given ramp slope,
the curves exhibit a maximum, say (Ehyd)max, generated by the
product of q, which decreases with the crest freeboard, times Rc. As
cot(asb,eq) grows from 1 to 1.9, (Ehyd)max more than doubles, passing
from nearly 16.8 MWh/me36.4 MWh/m; at the same time, the
value of RcMWL at the peak of energy raises from 1.1 m to 1.8 m.
The effect of using a different overtopping predictor is shown in
Fig. 12 with reference to the Equations (2) and (8). The maximum
energy available is some less compared with Fig. 11, being nearly
33 MWh/m for Eqs. (2) and (28) MWh/m for Eq. (8). The major
differences are though detectedwith respect to the role of the rampslope; the latter is in fact not considered in Eq. (2), whereas in the
Eq. (8) there would be no effects for cot(asb,eq) > 1.6. Note that in
both cases more energy would be available on steeper ramps,
implying a possible reduction of the plant costs; as an example, Eq.
(8) predicts (Ehyd)max ¼ 25.54 MWh/m for 1:1, whereas with Eq.
(11) the same level is achieved only with a 1.5 (i.e. 50% longer)
slope.
Although for the rest of the article the Eq. (11) will be employing
(extended to slopes milder than 1.5 in agreement with empirical
ﬁndings of Section 2), the discussion above clearly highlights how
the development of a reliable overtopping formula for the near-
shore ramps would be meaningful to the future research works on
this kind of WEC.
It is now of interest to investigate how tide levels may affect
the performances of the wall. Thus, for the same wave climate 8
symmetric tide ranges have been considered, which increase from
±0 m (no tide) to ±3.5 m at a step of 0.5 m. The effect on (Ehyd)max
is displayed in Fig. 13 for three values of the front slope angle. The
“solid-pointed” curves describe the variation of the peak energy,
whereas the dashed ones refer to the ratio (Ehyd)max/(Ehyd)max,no
tide. The maximum hydraulic energy available reduces by 40%e
50% at ±3.5 m, with the drop increasing as the slope become
steeper; on the other hand, for ±0.5 m the reduction is included
between 0.1% and 1.8% and for ±1 m the loss lies in the range
2.8%e7.5%.
The above result is easily explained by the fact that large tidal
variations require large values of RcMWL to avoid the ramp to be
submerged; this, as qualitatively indicated in Fig. 11, produces a
signiﬁcant reduction of the hydraulic energy available.
This certainly advices against the use of the shoreline basin
system in severe tide environments, also considering that large
crest freeboards increase the total costs of the plant.4.4. Power production
The energy produced by the system during an average climatic
year is given by:
Fig. 10. Location of the nearshore sites. (Source [35]). The site selected for the present
study is circled in red. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
Fig. 11. Hydraulic energy as a function of the crest freeboard and of the front slope
angle.
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Xtd;max
td;mim
XQmax
Qmin
rg$Q$Rtdc $hðQÞ$ Df ðQ ; tdÞ
(20)Table 2
Inshore wave climate for the site of Porto Alabe (S6). Values indicate the relative frequen
Direction Hm0 [m] 0e0.5 0.5e1.0 1.0e1.5 1.5e2.0 2e2.5 2.5e3.0 3
[N] T-10[s] 4.42 5.55 6.42 7.17 7.80 8.73 9
0e30 0 0 0 0 0 0 0
30e60 0 0 0 0 0 0 0
60e90 0 0 0 0 0 0 0
90e120 0 0 0 0 0 0 0
120e150 0 0 0 0 0 0 0
150e180 0 0 0 0 0 0 0
180e210 0 0 0 0 0 0 0
210e240 0.002 0.000 0.000 0.000 0.000 0.000 0
240e270 0.199 0.034 0.010 0.000 0.000 0.000 0
270e300 0.061 0.071 0.042 0.019 0.009 0.004 0
300e330 0.203 0.083 0.051 0.034 0.039 0.032 0
330e360 0 0 0 0 0 0 0
Sum 0.465 0.188 0.102 0.053 0.048 0.036 0
The bold indicates the sum of frequencies.in which, according to the common practice of traditional hydro-
power plants, the ﬂow rate used to generate power, Q, has been
assumed to be:
Q ¼
8><
>:
0; q$b  0:05Qdes
Q$b; 0:05Qdes < q$b<Qdes
Qdes; Qdes  q$b  3Qdes
0; 3Qdes < q$b
(21)
where b denotes the alongshore length of the basin and Qdes is the
“design ﬂow rate”, which is deﬁned as a value of the mean over-
topping discharge (q∙b) that is exceeded for “tdes” days a year. In
compliance with Eq. (21), the conversion stops when the ﬂow rate
is either very small (less than 5% of Qdes) or rather large (more than
3 Qdes), whereby in the range Qdes e 3 Qdes the power is generated
using the design discharge.
The efﬁciency curve of the turbine, h(Q), is that depicted in Fig. 8
of Section 3; once the mean crest freeboard and the mean ramp
angle have been ﬁxed, the joint frequency of occurrence Df(Q, td)
equals Df ðH; b; tdÞ in Eq. (16).
Altogether Ep depends on 4 variables (Qdes, b, Rc,MWL and asb,eq),
the values of which result from a tradeoff between a number of
partially conﬂicting needs, such as:
 maximizing the production;
 minimizing the cost of the plant;
 maximizing the degree of coastal protection;
 minimizing the intrusion of the structures in the landscape;
 guaranteeing a proper exchange of water between the shoreline
basin and the open sea.cies of occurrence.
.0e3.5 4.0e4.5 4.5e5.0 5.0e5.5 5.5e6.0 6.0e6.5 6.5e7.0 Sum
.07 9.64 9.90 10.10 10.29 10.60 10.95
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002
.000 0.000 0.000 0.000 0.000 0.000 0.000 0.243
.002 0.001 0.002 0.002 0.001 0.000 0.000 0.214
.018 0.014 0.037 0.018 0.010 0.003 0.000 0.541
0 0 0 0 0 0 0
.020 0.016 0.039 0.020 0.010 0.003 0.000 1
Fig. 12. Calculated hydraulic energy graph after using the Eq. (2), panel a, and the Eq.
(8), panel b.
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solute optimum is very doubtful.
In the following, a simpliﬁed design approach based on a limited
number of indicators is presented and discussed.
4.5. Deﬁnition of tdes
To select tdes, two additional parameters over the energy pro-
duction have been considered. The ﬁrst is the (annual) plant ca-
pacity factor, CF, i.e. the ratio between the energy actually produced
by the plant (EP) and the potential output at the full capacity [50]:
CF ¼
EP
8:76$R
(22)
where the rated power, R, equals:Fig. 13. Max hydraulic energy (Ehyd)max as a function of the tide amplitude (solid-
pointed curves). The dashed lines give the rate of reduction of (Ehyd)max relative to the
case of no tide.R½kW ¼ 9:81$Qdes$0:56$


Rc;MWL  td;min

(23)
in which td, min is the average of the lowest tide level class.
In addition, a working time index (Wt) has been built, which
represents the probability that the overtopping discharge (qb) is
included between 0.05 Qdes and 3 Qdes:
Wt ¼ tð0:05 QdesÞ  tð3 QdesÞ
365
(24)
Remembering Eq. (21),Wt basically gives the portion of days in a
year in which the turbine produces energy.
In Fig. 14, EP, CF and Wt are plotted versus Rc,MWL for different
possible values of tdes. Theminimum crest freeboard equals 1.3m to
allow the HPM to work with an hydraulic head not lower than 1 m
(accounting tide). This choice originates from the fact that, as
stressed in Section 3, the turbine has been developed and tested for
hydraulic heads not lower than 1 m.
Since the results proved independent of both the basin length
and the ramp angle, the graph conventionally refers to b¼ 10m and
cot(asb,eq) ¼ 1.8. The panel a) shows that the energy yieldFig. 14. Energy production (a, in log-scale), capacity factor (b) and working time index
(c) as a function of the crest freeboard and of the design period. b ¼ 10 m; cot(asb,eq) ¼
1.8.
Fig. 15. Energy production for tdes ¼ 36.5 days as a function of Rc,MWL and for cot(asb,eq)
between 1.0 and 1.9. “b” ¼ 10 m.
Fig. 16. Energy production plots using Eq. (8) as overtopping predictor. b ¼ 10 m;
cot(asb,eq) ¼ 1.8.
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(182.5, 164.2 days) the energy produced is very small, as the waves
generated in the majority of the days cause no overtopping unless
the outer ramp is extremely low crested.
The design time-interval has been then chosen in correspon-
dence of the maximum of CF and Wt, i.e. at 36.5 days; Fig. 15 dis-
plays the energy produced for different values of cot(asb,eq).
A tdes of 36.5 days is unusually small for common hydropower
plants and is the consequence of the great uneveness of the wave
energy distribution. The capacity factors are also rather low, being
of the same order as for solar plants (13.1% on average in Italy); this
is partly an effect of the tide, which reduces the time interval in
which the maximum power is achieved. Although this is not
directly shown here for sake of brevity, it has been found that in
absence of tide the capacity factors would have been of the order of
20%, with Wt as large as 35%. This gives another example of how
negatively a broad variation in the MWL may affect the perfor-
mance of the system.
It is ﬁnally worth mentioning that the results presented above
(in terms of tdes, CF and Wt) have been found to be only slightly
dependent on the overtopping predictor. An example is given in
Fig. 16, with respect to the Eq. (8). The optimal tdes is the same as
when using the Eq. (11) and the maximum values of CF and Wt are
only some percentage points lower.4.6. The design value of Rc,MWL
The analysis of Fig. 15 suggests choosing a design crest freeboard
of 1.3 m; beside maximizing the energy production, and then the
reduction of carbon dioxide emissions compared to conventional
power plants, this value allows reducing the intrusion of the
structure in the coastal landscape and favors the water renewal
within the basin.
However, additional design points might be found attempting to
balance the needs of high energy yield and effective coastal pro-
tection. Assuming that the two requirements are equally important
for the local community, and that the effectiveness of coastal pro-
tection can be quantiﬁed via the transmission coefﬁcient of the
outer slope Kt (ratio between the wave heights at rear and in front
of the ramp), a simple “budget function” may be developed as
follows:
BF ¼
ðEPÞR  ðEPÞRmax
ðEPÞRmax
þ

1 Kt

R


1 Kt

Rmax
1 Kt

Rmax
(25)where the subscripts R and Rmax indicates that the quantities are
respectively calculated at the generic Rc,MWL and at the value of the
crest freeboard corresponding to the maximum energy production.
BF is then zero at Rmax, but might become positive at a different
value of Rc,MWL if the degree of coastal protection increased per-
centually more than the loss of EP.
In the Eq. (23), the overbarred Kt denotes the yearly averaged
transmission coefﬁcient deﬁned as:
Kt ¼
Xtd; max
td;min
Xþ90
b¼90
XHmax
Hmin
Kt

H; b;asb;eq:; R
td
c

$Df ðH;b; tdÞ (26)
where the single “instantaneous” Kt equals:
Kt

H; b;asb;eq:; R
td
c

¼ K2D

H;asb;eq:; R
td
c

$cos2=3b (27)
in which K2D represents the transmission coefﬁcient under
purely bi-dimensional condititions and the correction factor for
wave obliquity (cos2/3b) is that suggested by Ref. [51]. As far as K2D
is concerned, the “conceptual approach” proposed by Ref. [52] has
been employed, assimilating the overtopping ramp to a low crested
M. Buccino et al. / Renewable Energy 81 (2015) 509e522520smooth impermeable breakwater with a zero crown width (trian-
gular barrier). This leads to:
K2D ¼ 0:5476$
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
F
 
Rtdc
Hm0t
!vuut (28)
in which F represents the rate of reduction of the overtopping
discharge with the relative crest freeboard. In the present case, the
comparison with Eq. (11) leads to:
F
 
Rtdc
H
!
¼
8>><
>>:
exp
"
1:08 cotasb; eq:  3:45
 Rtdc
Hm0t
#
for
Rtdc
Hm0t
 0:8
exp
 
 4:88 R
td
c
Hm0t
!
for
Rtdc
Hm0t
>0:8
(29)
In Fig.17, the budget function BF is plotted vs. Rc,MWL for values of
cot(asb,eq) ranging between 1 and 1.9.
The function is always negative and this leads to ﬁnally select
1.3 m as design value of the (mean) crest freeboard.4.7. Choice of basin length and ramp angle
Assuming tdes ¼ 36.5 days and Rc,MWL ¼ 1.3 m, the alongshore
basin length, b, and the mean slope angle, cotasb, eq., have been
determined trying to maximize the ﬁnancial convenience of the
project. Thus a simpliﬁed cash-ﬂow analysis has been performed,
under the following hypotheses:
 A single HPMmachine is operating in the basin. This technically
limits the rated power of the plant at 100 kW;
 The cost of the turbine has been reasonably estimated through
the relationship (Dr. Gerald Muller, personal communication):
CT ½V ¼ ð7;429:8 38:298 RÞR (30)
which returns 7200 V/kW for a rated power of 6 KW (consistently
with Section 3) and 3600 V/kW for a rated power of 100 kW;
 The construction cost is 5000 V per meter of basin;
 The cash-in ﬂow is estimated in 300 V/MWh for 15 years. This
corresponds to the feed-in tariff offered by the Italian
government;
 Maintenance costs are estimated in 7% of the yearly cash-in ﬂow.Fig. 17. Budget function (Eq. (23)) for b ¼ 10 m.Two indicators have been used to assess the performance of the
investment, and namely the PayBack Period (PBP, i.e. the length of
time required to recover the investment) andMean Annual Interest
Rate (MAIR) given by:
MAIR ð%Þ ¼ ð15 PBPÞx½Cash in
15xCost of investment
x100 ¼ RoI
15
(31)
where PBP is expressed in years, [Cash-in] is in Ref.V/year and RoI is
the Return on Investment.
The ﬁnancial appeal of the WEC can be conveniently measured
by comparing MAIR to the interest rate of the Italian Government
Bond with a 15 years duration, BTP-15, which is currently 3.5%. To
compensate for all the sources of uncertainty related to the project,
especially the use of a design ﬂow rate with a very low exceedance
probability (10%), the threshold of desirability of the investment is
cautiously set at twice the BTP-15 rate, i.e. 7%.
The Fig. 18 displays, for the usual values of cotasb, eq., the basin
length and the PBP in function of the rated power, R. The payback
period decreases linearly for each slope and reduces with cotasb; eq:
as a consequence of the fast increment of the produced energy.
Similarly, the milder the ramp angle, the lower the basin length
required for a given R. Only for cotasb; eq:  1:5 the investment can
be recovered in a period less than 15 years; in the present study a
value of 1.8 is selected to not exceed the maximum value tested
within the UoS experiments, that is 1.85. The use of a multi linear
slope may here contribute to control the costruction costs. For a
100 kW rated power, the basin length required is then approxi-
mately 10 m, with a yield of 106.25 MWh per year (PBP ¼ 13.71
years).
As it has been designed (Rc¼ 1.3, cotasb; eq: ¼ 1:8; b¼ 10m), the
shoreline basinwould be able to fulﬁll the demand of nearly 30 civil
houses (3.3 per meter); moreover, according to the Inter-
govermental Panel on Climate Change 2011, the WEC would lead to
a reduction of carbon dioxide emissions of nearly 0.012 tons/year
compared to nuclear (generation II) power plants, 0.042 tons/yearFig. 18. PayBack Period (a) and basin length (b) as a function of the rated power for
cotasb; eq: ranging between 1 and 1.9.
Fig. 19. Interest rate as a function of the alongshore distance covered by WECs.
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0.996 tons/year compared to a coal p.p.
Yet, the value ofMAIR (0.62%) is far less than the threshold of 7%.
Thus, the investment has to be made desirable through the econ-
omies of scale that may arise from supposing that a number of 10 m
long basins are constructed alongshore; in this way a sort of low-
crested barrier is formed, where several 100 kW machines work
independently. In this case it is reasonable to assume a discount for
mass production on the turbine cost of 2% for each added machine
(up to 20 turbines) and a mean discount on construction works of
2.5% per 100 m constructed.
As shown in Fig. 19 the target would be not reached within the
alongshore distance of 200 m, unless a public player (e.g. the City of
Porto Alabe or the Region of Sardinia) beared the costs of con-
structionworks as a measure for coastal retreat control. In this case
aMAIR of 7% would be achieved at nearly 190 m (PBP ¼ 7.49 years);
the public investment of nearly V 770,450, as well as the intrusion
of the WEC in the coastal landscape, would be compensated from
both the protection guaranteed to the shoreline and the reduction
of CO2 emissions in the atmosphere (nearly 19 tons/year compared
to a coal power plant, according to the Intergovermental Panel on
Climate Change 2011).5. Conclusions
The paper has explored the potential of an “ultra-low head”
hydropower plant including a shoreline overtopping reservoir,
created by a detached low crested ramp, and a novel turbine (the
Hydrostatic Power Machine) developed to produce energy with
head differences ranging between 1 and 3.5 m.
The system, conceptually similar to stilling basins and com-
posite seawalls, offers itself as a multi-purpose structure for wave
energy utilization and coastal defense.
The Results of 96 regular wave experiments, speciﬁcally con-
ducted at the University of Southampton, have been analyzed to
assess the overtopping performance of the outer slope. In the tests,
the case of composite (multi-linear) structures has been considered
as a possible compromise between the needs of enhancing the
overtopping rate and reducing the structure length.
A wide comparison with the predictive tools proposed in liter-
ature (Section 2), indicated that conventional formulae for straight
structures can be reliably employed as design tools if the average
inclination of the submerged part of the ramp is used as equivalent
slope. With this adjustment, the Vitor and Troch formula [22]
proved to be rather effective; interestingly, the “steep faceequations” (Eq. (11)) resulted appropriate even beyond the limit
slope of 1.5 suggested by the authors.
The site of Porto Alabe (West Sardinia, Italy) has been selected as
a case study. The results of the application can be summarized as
follows:
 The great uneveness of wave energy leads to design ﬂow rates
with an exceedance time unusually low compared to common
hydropower plant;
 The capacity factor ranges between 12% and 20%. These values
are of the same order as those of solar PV andwind power plants
respectively;
 The presence of severe tides affect negatively both the hydraulic
energy available and the capacity factor; this makes this kind of
WEC suited to micro-tidal environments, such as the Mediter-
ranean Sea;
 The system seems able to give a remarkable energy yield within
a restricted alongshore distance; this mainly because of the role
of the slope angle, which would greatly increase the rate of
overtopping;
 The heavy uncertainties related to the aforementioned irregu-
larity of the energy input renders the system ﬁnancially more
suited to a collaboration between public and private investors;
the function of measure for shore erosion control, however, fa-
vors the public intervention, as the defense of the assets from
sea ﬂooding events is a primary concern for the coastal com-
munities worldwide.
On the whole, the research outcomes indicate the functioning of
the WEC deserves to be further investigated. In particular, future
research works should focus on:
 the tweaking of a reliable predictive tool for the overtopping
rate of the ramp, based on random wave experiments. As
mentioned before, the results of the present study suggest the
slope of the structure to be a primary parameter (Figs. 11, 12 and
15), whose role must be carefully investigated;
 the analysis of the effects of wave oscillations on the energy
production; the hypothesis of considering only the mean water
levels in the calculation of the energy yield needs to be accu-
rately veriﬁed, owing to the very low heads the systemworks at.
 the analysis of the effects of wave breaking, shoaling-refraction
and bottom uneveness [53] on the overall efﬁciency of the
system.
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